Abstract A century after Cajal identified a "third element" of the nervous system, many issues have been clarified about the identity and function of one of its major components, the microglia. Here, we review recent findings by microgliologists, highlighting results from imaging studies that are helping provide new views of microglial behavior and function. In vivo imaging in the intact adult rodent CNS has revolutionized our understanding of microglial behaviors in situ and has raised speculation about their function in the uninjured adult brain. Imaging studies in ex vivo mammalian tissue preparations and in intact model organisms including zebrafish are providing insights into microglial behaviors during brain development. These data suggest that microglia play important developmental roles in synapse remodeling, developmental apoptosis, phagocytic clearance, and angiogenesis. Because microglia also contribute to pathology, including neurodevelopmental and neurobehavioral disorders, ischemic injury, and neuropathic pain, promising new results raise the possibility of leveraging microglia for therapeutic roles. Finally, exciting recent work is addressing unanswered questions regarding the nature of microglial-neuronal communication. While it is now apparent that microglia play diverse roles in neural development, behavior, and pathology, future research using neuroimaging techniques will be essential to more fully exploit these intriguing cellular targets for effective therapeutic intervention applied to a variety of conditions.
As early as 1913, Spanish neuroanatomist Ramon y Cajal identified a "third element" (non-astrocyte glial cells) of the central nervous system in distinction from the "first element" (neurons) and "second element" (astrocytes). Cells of the "third element" were initially considered mesodermally derived glia or "mesoglia". Cajal's student, Pio del Rio Hortega, went on to define microglia and oligodendrocytes as separate components of the "third element" and provided the first comprehensive description of microglia (del Rio-Hortega 1919 , 1920 , 1932 . Remarkably, many of Hortega's descriptions of microglia (which were sometimes referred to as "Hortega cells") have been validated over the ensuing eight decades since, including the morphological transformation of these cells during injury and disease, a process termed "microglial activation" (Kettenmann et al. 2011) .
Interest in microglia has increased considerably in recent years, perhaps in recognition of their potential as cellular targets for therapy during pathology, as discussed below. A PubMed search shows that, of the more than 15,000 research articles on microglia, only 456 were published before 1990. Moreover, thus far in the 3 years of the current decade, more articles have been published on microglia than all those published in the 1990s combined. While published articles on astrocytes and oligodendrocytes witnessed a 35 % and 49 % increase, respectively, in the 2000s compared with the 1990s, articles on microglia increased 143 % within the same period of time. Moreover, for the first time in history, the Society for Neuroscience had a minisymposium on microglia at its annual meeting in 2011, and the term "microglia" was the sixth most searched term on the meeting's website (Tremblay et al. 2011; Hughes 2012) .
As alluded to above, microglia have a unique place in the CNS, being derived from the mesoderm as opposed to the neuroectoderm from which other CNS cells are derived (Ransohoff and Cardona 2010) . Since del Rio Hortega's early descriptions, microglial research was dominated for many decades by intense debate over their origin and nature. There is now general consensus that microglia are derived from two sources: first, from an early embryonic source in the yolk sac; and, secondly, from myeloid precursors that subsequently take up residence in the CNS during embryonic development, forming a stable self-renewing population through adulthood (Ginhoux et al. 2010; Greter and Merad 2013) .
During development, microglial cells in the brain and spinal cord become distributed throughout the gray and white matter, where they develop a highly branched form with intimate relationships with neurons and other glial cells (Fig. 1) . Historically, descriptions of microglia centered on the remarkable morphological transformations they undergo in response to tissue injury or disease. Based largely on static microscopic images of fixed tissues, microglia were 'observed' to transform or "activate" in response to virtually all CNS pathological conditions, however minor the perturbation to homeostasis (Kreutzberg 1996) . With the focus on microglial morphological responses to pathology, the concept of microglia as a "resting" or "quiescent" cell in the healthy CNS was developed in contradistinction to an "activated" cell in the pathological CNS. Since microglia were thought to be quiescent (i.e., inactive) in the uninjured state, microglial studies were largely focused on the injured and diseased CNS to determine microglial behavior and functions, making microglial behavior during normal physiology a relatively neglected research endeavor. Thus, it is only recently that novel behaviors and functions of microglia in the uninjured brain are beginning to be unraveled, overturning the idea that microglia are "quiescent" under normal conditions in the adult CNS.
Microglia as surveying cells in the CNS

Microglial surveillance in the adult CNS
The first time-lapse imaging studies of microglia in living mammalian brain tissues (ex vivo preparations) were performed in the 1990s. These imaging studies directly demonstrated that microglia are morphologically dynamic and capable of active phagocytosis (Smith et al. 1990; Brockhaus et al. 1996; Haas et al. 1996; Dailey and Waite 1999) . This led to the suggestion that microglia are equipped with receptors to detect pathological aberrations in situ (Kreutzberg 1996; Brockhaus et al. 1996) . Even though some of these early studies utilized widefield or confocal imaging to view cells deep within ex vivo tissue preparations, the motile activity of microglia was largely presumed to be a by-product of inevitable tissue injury that occurred during excision of brain tissues. It was commonly believed that "resting" microglia in uninjured brain tissues were structurally virtually inactive. This notion was overturned in 2005 with the publication of the first in vivo imaging studies in the uninjured brain (Davalos et al. 2005; Nimmerjahn et al. 2005) . These two seminal studies, along with more recent in vivo imaging in the mouse cortex (Kim and Dustin 2006; Wake et al. 2009 ) and spinal cord (Davalos et al. 2008) , showed that microglia in the uninjured adult CNS are far from being morphologically static.
These in vivo imaging studies showed that microglial movements in the normal adult brain consisted of a stationary cell body (soma) with extensively motile branches (projections). Only 5 % of microglial somata travelled 1-2 μm/hr while microglial processes were remodeled continuously at a velocity of about 88 μm/hr (Nimmerjahn et al. 2005) . The concept of the microglia as surveying cells of the normal adult CNS was then introduced and microgliologists recommended replacing the misnomer of "resting" microglia with the idea of microglia as "surveying" cells of the CNS (Raivich 2005; Hanisch and Kettenmann 2007) .
The observed differences between the behavior of microglial somata and processes is important for proper descriptions of microglial morphological activity. For consistency, we recommend that a distinction be made in the microglia literature between microglial process remodeling and microglial soma movement. We suggest that microglial process dynamism be referred to as "microglial motility," while microglial soma movement or translocation be referred to as "microglial migration;" together microglial motility and migration can be referred to as "microglial mobility." In this light, it may be said that microglia in the uninjured adult CNS are motile, non-migratory cells functioning to persistently survey the CNS to detect aberrations from homeostasis and respond accordingly.
Microglial surveillance in the developing CNS As noted above, in vivo imaging of microglia in the uninjured adult mouse CNS revealed that microglia are stationary (nonmigratory), albeit motile cells. However, whether microglia in the developing rodent CNS are also stationary, motile cells has yet to be determined because there are no published studies in the developing mammalian CNS in vivo.
Thus far, microglial imaging in the developing mammalian CNS have only been performed in excised neonatal or embryonic tissues rather than in the intact CNS. Here, unlike the behavior in adults where only about 5 % of microglial somata migrated at 1-2 μm/hr, microglia in the developing brain have been shown to be highly migratory. Amoeboid microglia in acutely excised slices of corpus callosum from postnatal day (P) 5-9 mice were observed to migrate at rates up to 30 μm/hr . Subsequently, microglia at P4 in the rat hippocampus were reported to migrate at up to 118 μm/hr (Stence et al. 2001) . Furthermore, embryonic cortical mouse microglia were reported to migrate at up to 31 μm/hr on embryonic day (E)14.5 (Swinnen et al. 2013) . These results suggest that microglia in developing rodent brain are not stationary but migratory. However, because microglia are exquisitely sensitive to injury, it is possible that tissue injury, induced during excision, may account in large measure for this migration impetus. Nevertheless, several observations suggest that this may not be the case.
First, even after local injury in the adult cortex in vivo, microglial somata remain stationary for up to 5 h, suggesting that acute tissue injury may not be sufficient to induce microglial migration for several hours in adults (Nimmerjahn et al. 2005 ) despite the fact that within 2 h of tissue excision, many microglia in neonatal tissue slices show some degree of migration (Stence et al. 2001; Kurpius et al. 2007) .
Secondly, as with in vivo observations, microglia in cortical brain slices from previously uninjured adult mice were non-migratory (Carbonell et al. 2005) . However, when a forebrain stab lesion was performed unilaterally in vivo, migratory microglia were found only in the injured hemisphere beginning 1 day and peaking 3 days after the lesion. These observations suggest that brain tissue excision itself may not be sufficient to induce microglial migration, at least in the short term.
Finally, although there are currently no published studies on microglial mobility in the developing rodent brain in vivo, recent imaging in the intact zebrafish brain suggest that microglia cell bodies are not stationary. During 2 h of imaging of fluorescently labeled microglia in transgenic zebrafish at 3-4 days post-fertilization (dpf), Sieger et al. (2012) showed that even without neuronal injury, microglia are migratory. Additionally, Svahn et al. (2013) quantified microglial migration 3-10 dpf in zebrafish and reported that migration was highest at about 4 dpf, when microglia migrate at an average of~20 μm/hr, and dropped significantly a day later when they migrated on average at~8 μm/hr. A similar developmental decrease in migration was reported in embryonic mouse cortical slices between E14.5 and E17.5 (Swinnen et al. 2013 ). These results suggest that the rate and frequency of microglial migration may decrease with increasing developmental age. We may thus think of microglia as sentinels of the CNS: patrolling the nervous tissue as mobile phagocytes during early development and surveying it chiefly as stationary cells with motile branches in adulthood.
Whether developmental differences in microglial migration are cell autonomous or dependent on the tissue milieu is presently unknown. Microglial migration necessarily depends on interactions with neighboring cells and the extracellular matrix (ECM), and expression and activation of cell surface integrins in cultured microglia can be altered by changes in ECM components and cytokines Campbell 2002, 2003) . However, little is known about how microglial interactions with the ECM may change during development.
Surveying microglia in the adult appear to have their cell body anchored in place, implying a strong interaction with the ECM. The transition from a stationary to a migratory amoeboid phenotype likely involves cell detachment from the ECM. Recent work is providing insights into microglial degradation of ECM, which may facilitate migration. Here, cultured rat microglia reminiscent of activated microglia during development were shown to possess podosomes, structures similar to those expressed on invading cancer cells, by which they could degrade components of the ECM Siddiqui et al. 2012) . Although this has not been tested in vivo, an intriguing possibility is that during development microglia possess such structures to facilitate their migration through brain tissues, and that this machinery is down-regulated during maturation, resulting in the anchoring of microglial cell bodies in adults. Mobilization of microglia after tissue injury may necessitate upregulation of ECM degradation machinery. Future work would be necessary to determine whether there are indeed developmental differences in microglial migration in vivo and, if so, whether this may relate to differences in the composition of brain ECM or interaction of microglia with the ECM.
Microglial functions in the developing brain
Although imaging studies of microglia in living tissues have been largely performed in the adult brain, awareness of neuropathological conditions during human development has led to increased exploration of the developing brain. During neural development, microglia increase in density and undergo a progressive ramification, or increase in number and complexity of branches. In the rodent brain, microglia start in the embryonic stage as roundish, amoeboid cells with a few short projections; progress during the perinatal period into more complex cells with a few branchy extensions (so-called "primitive ramified microglia"); and in the late postnatal period they mature into highly ramified cells ( Fig. 2 ; Dalmau et al. 1997 Dalmau et al. , 1998 . There is considerable heterogeneity in the morphological appearance of microglia in developing tissues, and this seems to vary with local levels of developmental apoptosis. The later stages of morphological maturation correlate with other developmental changes in CNS tissues, including a decline in developmental apoptosis, formation of neuronal arbors, and synaptogenesis.
Recent research is beginning to elucidate previously unrecognized functions of microglia during development. We will briefly consider studies over the past decade indicating that microglia function, by analogy, as: (i) "plumbers" in angiogenesis; (ii) "gardeners" in the induction of neuronal apoptosis; (iii) "morticians" in phagocytic clearance of dead cells; and (iv) "electricians" in synapse remodeling.
Microglia as "plumbers": roles in formation and maintenance of blood vessels It has long been evident that developing microglia localize in close proximity to blood vessels (Ashwell et al. 1989; Graeber et al. 1989; Thomas 1999) . It was initially assumed that this may simply reflect entry of microglia into the brain through these vessels. However, some microglia are present in the brain parenchyma prior to its vascularization, suggesting that at least some level of microglial dispersion in the brain occurs independent of the cerebral vasculature (Ginhoux et al. 2010) . Recent data, discussed below, now provide evidence that microglia facilitate angiogenic sprouting during development.
Targeted deletion of PU.1, a transcription factor required for the development of certain hematopoietic cell lineages, results in mice lacking brain-resident microglia (Scott et al. 1994; McKercher et al. 1996; Beers et al. 2006 ). In PU.1-deficient mice, where even yolk sac-derived microglia are absent, vascular branching and complexity is significantly reduced. Similar results are observed in mice deficient in colony stimulating factor (CSF1), which is also important for microglial development (Cecchini et al. 1994; Kubota et al. 2009 ). Vascularization defects were reported in both the mouse hindbrain and retina. Moreover, time-lapse imaging in the developing zebrafish brain provided direct visual evidence for microglia promoting the fusion of nearby blood vessels (Fantin et al. 2010) .
A subsequent study confirmed the spatio-temporal association of microglia with developing vessels during the first week of postnatal development in the mouse retina (Rymo et al. 2011) . These researchers used the CSF1-deficient mice, which lack microglia in the retina during development and show a corresponding lower level of vessel branching complexity. The sufficiency of microglia to promote angiogenesis in vitro was tested using an aortic ring culture system. Aortic rings cultured without microglia, or with embryonic Beginning prenatally and extending into the early postnatal period, microglia begin to transform into cells with more defined primary projections with little secondary branching. By the second postnatal week onwards, microglial morphology consists of more elaborate primary, secondary and even tertiary branching in their projections fibroblasts, failed to elaborate complex branching vessels. However, in the presence of microglia, complex vessels were formed, indicating that microglia can induce sprouting. Furthermore, conditioned media from microglia was able to induce sprouting, suggesting that diffusible signals from microglia contribute to angiogenesis. The specific factor(s) that mediate angiogenesis remain to be identified. Together, these studies provide evidence that microglia, like plumbers that assemble the pipes, are important in regulating developmental angiogenesis.
Interestingly, microglia also respond to damaged or leaky pipes. Using transcranial imaging in adult mice, Nimmerjahn et al. (2005) showed that laser-induced focal blood vessel damage rapidly activates nearby microglia, which extend processes to surround injury sites within minutes. This is thought to be a protective mechanism, shielding the parenchymal tissue from vessel leakage. Finally, time-lapse imaging in developing rat hippocampal slices showed that migrating microglia can contact and track along branching capillaries, even when they lack blood flow (Grossmann et al. 2002) . Together, these studies indicate intimate relationships between microglia and blood vessels that may contribute to the construction and maintenance of the vascular system in the CNS.
Microglia as "gardeners": induction of developmental neuronal apoptosis During development, more neurons are generated than will survive to adulthood, and many die as a result of a developmental pruning program known as programmed cell death (PCD) or developmental apoptosis (Burek and Oppenheim 1996) . Microglia are now thought to play active roles in the induction of neuronal cell death. The first suggestion of this was based on the observation that microglia often colocalize with dying neurons (Ashwell et al. 1989; Dalmau et al. 1998; Marin-Teva et al. 2004; Peri and Nusslein-Volhard 2008; Svahn et al. 2013 ). This evidence, in and of itself, could not distinguish between an active, causal role for microglia from a merely responsive role during PCD. However, more recent data suggest a direct, causal role for microglia.
During embryonic development, the vertebrate retina originates as a projection of the developing brain, making the retina an extension of the CNS. When the developing chick retina was excised before microglial entry and colonization, normal developmental cell death was substantially reduced (Frade and Barde 1998) . Nerve growth factor (NGF) was also absent from the developing chick retina when microglia were absent. When cultured microglia were added to the developing eye cups, NGF was detected and neuronal cell death was restored. These results suggest that microglial NGF release provides instructive cues for programmed neuronal cell death in developing tissues.
Similar results were obtained in the developing mouse cerebellum. Here, a significant number of Purkinje cells undergo PCD during the first postnatal week. However, when endogenous microglia were depleted by clodronate-containing liposomes in freshly prepared cerebellar slices, the number of surviving Purkinje cells after 3 days in culture was dramatically increased (Marin-Teva et al. 2004) . In this case, NGF was not the apoptosis-inducing factor; rather superoxide production by microglia was found to be responsible. One potential caveat with these experimental approaches is that microglia in excised tissue slices and cell culture are at least partially activated, and the contributions of microglia to developmental cell death may differ depending on the activation state of microglia.
As in the cerebellum, developmental apoptosis occurs in the rodent hippocampus during the first postnatal week (MarinTeva et al. 2004; Knuesel et al. 2005; Murase et al. 2011) . A peak in neuronal cell death occurs around birth in the developing mouse subicular complex adjacent to the hippocampus (Knuesel et al. 2005; Wakselman et al. 2008) . During this period, microglia are often found in close proximity to cleaved caspase-3 positive neurons. Interestingly, loss of CD11b and DAP12, which in the brain are exclusively expressed by microglia, resulted in a significant reduction in cleaved caspase-3 positive neuronal staining, suggesting a reduction in PCD under these conditions. As in the cerebellum, neuronal apoptosis in the hippocampus was driven by microglial superoxide production (Wakselman et al. 2008) . These studies in the cerebellum and hippocampus provide evidence that microglial superoxide production controls PCD, and suggests a potential role for NADPH oxidase (NOX). Although NOX does not seem to play a critical role during perinatal stroke (Doverhag et al. 2008) , its role in microglia-mediated developmental apoptosis has not been definitively tested.
In addition, recent evidence in the spinal cord shows a correlation between microglial arrival during embryonic development and motor neuron cell death (Rigato et al. 2011) . Similarly, microglia accumulate in regions of developmental cell death in the embryonic cortex (Swinnen et al. 2013) . However, whether microglial arrival in these CNS regions causally instructs neuronal cell death has not yet been determined.
Together, these studies argue for novel roles by microglia in regulating neural development by controlling neuronal numbers during early postnatal (and possibly embryonic) development. Since this has been observed in several regions of the CNS including the retina (Frade and Barde 1998) , cerebellum (Marin-Teva et al. 2004) , hippocampus (Wakselman et al. 2008) , and possibly the embyonic cortex and spinal cord (Rigato et al. 2011; Swinnen et al. 2013; Rigato et al. 2012) , it suggests that microglial regulation of PCD may be widespread in the developing CNS. Thus, the ability of microglia to induce the demise of exuberant neurons, as well as their ability to eliminate inappropriate neuronal connections during early development, has earned microglia the title of developmental "gardeners" that prune cellular elements to enhance neurological function (Hughes 2012 ).
Microglia as "morticians": phagocytic clearance of dead cells Perhaps the most widely recognized function of microglial cells is their role in phagocytic clearance of cellular debris (for reviews, see Napoli and Neumann 2009; Neumann et al. 2009 ). This role has long been recognized during both disease pathology (Penfield 1925 ) and normal development (Ferrer et al. 1990 ). When cells die, they may release cytotoxic substances into the extracellular milieu, thereby injuring otherwise healthy cells nearby. Rapid and efficient phagocytosis, then, is thought to be essential for proper nervous system development as well as tissue restoration following injury.
Microglia have been recognized as CNS phagocytes in many species, including leech (Masuda-Nakagawa et al. 1990; Ngu et al. 2007 ), goldfish (Battisti et al. 1995) , chick (Caldero et al. 2009 ), rat (Petersen and Dailey 2004) , mouse (Sierra et al. 2010) , and human (Penfield 1925) . In mammalian brain tissues, ex vivo tissue preparations have been especially useful for studying the dynamic process of microglial engagement and clearance of dead cells (See Fig. 3 and Movie 1; Brockhaus et al. 1996; Petersen and Dailey 2004) . In recent years, some researchers have turned to the zebrafish to study microglial behavior. This is a highly accessible in vivo model system, given its optical transparency and well characterized developmental program. Two studies in zebrafish have demonstrated the efficiency of microglia phagocytosis during vertebrate brain development (Peri and Nusslein-Volhard 2008; Svahn et al. 2013) . In these studies, apoptotic cell debris was never found outside of microglia. Additionally, when foreign bacteria (E. coli) were introduced to the zebrafish brain, microglia rapidly engulfed them soon after injection (Peri and Nusslein-Volhard 2008) . Thus, zebrafish microglia are very effective phagocytes in the developing brain, and this model system holds great promise for combining optical and genetic approaches to elucidate microglial function in a vertebrate system in vivo.
Similar to the developing zebrafish brain, microglia in the young adult mouse hippocampus rapidly phagocytize newborn apoptotic neurons (Sierra et al. 2010) . Engulfment of an apoptotic cell was estimated to take 60-90 min indicating a high phagocytic efficiency. A previous confocal timelapse study in excised neonatal rat brain tissue slices demonstrated that microglia engulf newly dying (likely necrotic) cells on average within~33 min (Petersen and Dailey 2004) . Likewise, even during peak periods of developmental apoptosis, microglia efficiently phagocytize nearby apoptotic bodies in the neonatal mouse hippocampus in vivo (See Fig. 4 and Movie 2). Together, these results show that, like morticians who undertake to remove dead corpses, microglia are effective at clearing both naturally occurring apoptotic cell debris and foreign pathogens.
Microglia as "electricians": evidence for synapse remodeling There is growing evidence that microglia monitor the functional state of synapses and respond to changes in synaptic activity during development. Three studies in the past few years have been especially instrumental in promoting this concept. First, using two-photon in vivo imaging and electron microscopy in the visual cortex of 3-5 week old mice, Tremblay et al. (2010) reported differences in microglial behavior during visual deprivation. During normal visual experience, microglial processes preferentially associated with a subset of dendritic spines that were small and transiently growing, and these were frequently eliminated. Conversely, when mice were deprived of sensory input, microglia preferentially associated with a subset of large dendritic spines that were shrinking. This phenotype could be rescued by a return to sensory visual exposure. This study suggests that microglia are important for synapse remodeling. However, whether microglia are necessary for such remodeling will have to be determined by microglial depletion studies.
Another study performed in second and third postnatal week mice provided evidence that cytokine signaling regulates microglial elimination of neuronal synapses . Dendritic spine density was significantly Fig. 3 Microglial motility facilitates rapid mobilization to injured neurons. In this case, injury was experimentally induced in a mouse hippocampal tissue slice by focal laser burn. Within minutes after the injury, an activated amoeboid microglial cell (arrow) extends a branch toward a Sytox-labeled nucleus of an injured neuron (arrowhead), contacts it, and engulfs it. Time is shown in hr:min increased in hippocampal neurons in mice lacking the fractalkine receptor (CX3CR1), which in the brain is expressed almost exclusively in microglia. Moreover, neurons from mice lacking the fractalkine receptor displayed physiological properties of synaptic strength, plasticity, and excitability that are characteristic of immature circuitry. These results suggest that microglia may modulate the maturation of neuronal structure and physiology via fractalkine receptor signaling.
Finally, Schafer et al. (2012) provided evidence for microglial engulfment of presynaptic material in an activity dependent manner during the first postnatal week in the developing mouse retinogeniculate system. Greater engulfment of synaptic material was observed when neuronal activity was inhibited. Additionally, complement signaling was identified as a putative signaling pathway by which microglia identify and eliminate synaptic elements (Schafer et al. 2012) . Linnartz et al. (2012) suggested that this complementdependent synapse elimination is regulated by sialic acid, which forms the cap of the neuronal glycocalyx. The presence of sialic acid prevented complement binding and thus microglial clearance of synapses. However, when neurons were de-sialylated, microglial-dependent clearance was enhanced, suggesting that neuronal cell surface glycosylation may function upstream of complement tagging and subsequent elimination by microglia. Nevertheless, since the sialic acid study was performed in dissociated cell cultures, the significance of this mechanism during in vivo development remains to be determined. Moreover, for all these studies, the extent to which engulfment of presynaptic material arises from pruning at the single synapse level, or removal of whole dying cells, remains unclear without direct visualization of the processes in situ.
In addition to these results during normal physiology, microglial interactions with neurons can be altered in experimental pathology. For example, during ischemia, microglial processes reportedly make much more prolonged contacts with synapses, some of which are subsequently eliminated, suggesting that microglia monitor the functional state of synapses and potentially contribute to the elimination of non-functional ones (Wake et al. 2009 ).
Together, these results raise the intriguing possibility that microglia participate in the establishment or selection of appropriate neuronal connections during development and into adulthood. These observations have led to the suggestion that, while themselves not electrically excitable, microglia modulate the structure and function of electrically excitable neurons, thereby playing roles during development as "brain electricians": appropriately wiring neuronal brain circuits (Graeber 2010; Graeber and Streit 2010) . It is envisioned that microglia "listen in" on neuronal communication at synapses and respond to strengthen certain connections or eliminate others. On account of this involvement in regulating synaptic connectivity, it has been proposed that microglia are bone fide synaptic partners , thereby extending the three-way (tri-partite) synapse model which included astrocytes (or presynaptic Schwann cells in the PNS) in preand post-synaptic communication (Araque et al. 1999 ) to a four-way (quad-partite) synapse model that includes microglia (Schafer et al. 2013 ). However, a greater mechanistic understanding of microglia function at the synapse will be needed to firmly establish this concept.
Microglia as cellular targets during pathology: disease, injury, and behavior
Recent interest in microglia has centered not only on understanding their basic biological functions but also on their therapeutic potential during pathological conditions. Recent evidence indicates the potential promise of microglia as targets for therapeutic intervention during pathology. Here we focus on studies showing the importance of microglia for (1) pathological grooming, as an example of microglia Fig. 4 Microglial engagement of early and late stage apoptotic cells in the developing mouse hippocampus. Three-channel confocal image showing primitive ramified microglia (green), cleaved caspase-3 immunostained early apoptotic pyramidal neuron (blue), and PSVuestained late stage apoptotic bodies (red). A microglial cell (white arrow) enwraps the soma of an apoptotic pyramidal neuron labeled by CC3 antibodies. Note labeling of the primary apical dendrite (white arrowheads), which has a blebby, degenerating appearance. Other microglia nearby are in the process of phagocytosing late stage apoptotic bodies labeled with PSVue+(red arrowheads). The cells are dying by natural, developmental apoptosis modulation of a behavior disorder; (2) Rett syndrome, as an example of a genetic neurodevelopmental brain disorder; (3) ischemic stroke, as an example of acute brain injury, and (4) neuropathic pain as an example of a chronic pathophysiological condition.
Pathological grooming
For decades, microglia have been well known to play important roles during disease and injury. However, until recently, it was not evident that they are important for regulating normal behavior. It was first observed that Hoxb8 mutant mice displayed excessive grooming of both themselves and wild type littermates, leading to hair loss and sometimes skin lesions. This pathological phenotype has been suggested as a mouse model for studying obsessive compulsive behavior in humans. In early studies, the authors concluded that, although Hoxb8 is expressed in both the central and peripheral nervous system, the basis of the excessive grooming phenotype was more than likely aberrations in the central rather than peripheral nervous system (Greer and Capecchi 2002) .
More recently, a set of elegant experiments has confirmed that defects in the CNS are responsible for the anomalous grooming behavior and provided a direct link to microglia as the cellular culprits (Chen et al. 2010a ). First, cell lineage tracing experiments showed that both prenatal and postnatal Hoxb8 expressing cells are of hematopoietic origin and reside in the brain as microglia. This was confirmed both morphologically and molecularly (CD11b and Iba1 were used as microglial markers). However, only about 40 % of microglia express Hoxb8. Additionally, total microglial numbers are diminished in Hoxb8 mutants by about 15 %.
Next, transplantation of wild type bone marrow cells into irradiated Hoxb8 mutant mice rescued both hair loss and grooming behavior in 60 % of recipient animals, with 40 % becoming indistinguishable from wild type animals 5 months after treatment (Chen et al. 2010a, b) . Conversely, transfer of Hoxb8 deficient bone marrow cells into wild type mice resulted in abnormal behaviors similar to that observed in mutant mice in 20 % of the mouse recipients. Moreover, conditional deletion of Hoxb8 in the hematopoietic system (but not the spinal cord) was able to reproduce the grooming phenotype, while transplantation rescue was still recapitulated with bone marrow from mice that do not produce B and T cells, suggesting that microglia may be the primary Hoxb8-expressing cells responsible for the behavior.
Rett syndrome
Rett Syndrome is a debilitating X-linked neurological disorder that predominantly affects young girls after birth.
Symptoms manifest as a progressive loss of neurological ability (Chahrour and Zoghbi 2007) . Since the gene involved in Rett syndrome, Mecp2, has also been shown to be aberrant in autism spectrum disorders, developing potential therapies against the syndrome could also provide opportunities for treatment of autism spectrum disorders (Derecki et al. 2010) .
Glial cells have been suggested to induce neuronal abnormalities in Rett syndrome. Application of conditioned media from MECP2-deficient mixed glial cultures to wildtype neurons induced dendritic abnormalities. However, these abnormalities were absent when conditioned media from pure astrocyte cultures were used, suggesting involvement of non-astrocytic glial cells (Maezawa et al. 2009 ). Interestingly, conditioned media from dissociated microglial cultures deficient for MECP2 caused dendritic and synaptic abnormalities resulting from increased glutamate release by MECP2-deficient microglia (Maezawa and Jin 2010) . These in vitro observations were subsequently translated to an in vivo mouse model of Rett syndrome where bone marrow from normal donor animals was transplanted into MECP2-deficient animals after irradiation. Transplanted cells took up residence in the brain and displayed characteristics of resident microglia. Remarkably, successful transplantation attenuated disease symptoms, improving lifespan, breathing ability, and motor function. Moreover, microglial phagocytic activity was implicated in expression of the disease because inhibition of phagocytosis after successful microglial transplantation prevented a reduction of disease symptoms (Derecki et al. 2012 ). These results suggest that: (1) Rett syndrome is a disease of aberrant microglia and, more importantly, (2) therapeutic strategies involving microglial transplantation to diseased individuals hold remarkable promise.
Ischemic stroke
Stroke is a leading cause of death and disability worldwide affecting especially the aged and the very young (Nelson and Lynch 2004) . The most common type of stroke is ischemic stroke, occurring in about 80 % of stroke victims, and is usually caused by occlusion of a cerebral blood vessel (Guo et al. 2010; Weinstein et al. 2010) . Although research on ischemia has traditionally focused on delineating pathophysiological mechanisms of neuronal death, and such studies yielded promising candidates for therapeutic approaches, thus far they have not yet translated into successful clinical trials. In this light, novel approaches involving the elucidation of pathophysiological mechanisms employed by glia during ischemia have been proposed to complement neuronal based studies (Nedergaard and Dirnagl 2005; Barreto et al. 2011) .
Although it is clear that ischemic injury activates microglia, there is intense debate regarding the role of microglia in stroke (Lai and Todd 2006; Yenari et al. 2010) . On the one hand, several studies have highlighted detrimental activities of microglia during stroke progression. For example, earlier studies reported that inhibition of microglial activation by minocycline improved stroke outcome (Yrjanheikki et al. 1998 (Yrjanheikki et al. , 1999 . It has been suggested that production of inflammatory factors by activated microglia is detrimental to the survival of other cells of the CNS during ischemia (Deng et al. 2011) , perhaps due to production of reactive oxygen species (ROS). Indeed, evidence has been presented that microglial generation of ROS is regulated by the voltagegated proton channel Hv1, and that Hv1-dependent ROS production is responsible for a substantial fraction of brain damage at early time points after ischemic stroke . On the other hand, other studies indicate that elimination of endogenous microglia during stroke worsened the ischemic injury (Lalancette-Hebert et al. 2007; Faustino et al. 2011 ). Thus, microglia may play different roles at different times (early versus late stages) following stroke. Nevertheless, considerable evidence implicates microglia as potential targets in ameliorating the effects of ischemia, which we now consider.
First, using ex vivo organotypic hippocampal slice cultures, Neumann et al. (2006) showed that introduction of naïve BV2 microglial cells provided significant neuroprotection when applied as late as 4 h after the onset of simulated ischemia. These ex vivo results have also been confirmed by in vivo studies. For example, using a 2 h transient occlusion model, injection of microglia within an hour after onset of experimental ischemia improved neuronal survival (Kitamura et al. 2004 ) and behavioral function (Kitamura et al. 2005) .
Similarly, when microglia were injected into brains 4-7 days prior to experimental global ischemia, functional deficits in neurons were prevented (Hayashi et al. 2006) . Moreover, an increased number of surviving neurons was observed following transient global ischemia in gerbils when microglia were introduced as late as 24 h after ischemic onset (Imai et al. 2007 ). Furthermore, when human microglia were transplanted into rats subjected to transient focal ischemia as late as 48 h after the insult, protection was still observed, including enhanced secretion of neurotrophic factors, reduction of apoptotic cells, and functional recovery in motor, sensory, reflex, and balance tests (Narantuya et al. 2010) .
Currently, the most recognized treatment for stroke involves thrombolytic therapy, which is efficient if administered within a narrow window of 3-6 h after the onset of ischemia (Wardlaw et al. 2009 ). The results from animal models summarized above suggest that microglia can be used for ischemic therapy even during delayed postischemic periods, potentially extending the window for effective treatment.
In summary, microglial functions have been shown to be important during neuropathological behaviors such as excessive grooming, neurological disease such as Rett syndrome, and acute brain injury such as ischemia. Moreover, as has been demonstrated for all three conditions, microglial transplantation therapies have been used to successfully ameliorate associated defects. The implications of these results are two-fold: (1) although the mechanistic details are not clear, microglia perform important physiological roles in the normally functioning CNS, and (2) microglial replacement or augmentation holds promise for improvement of these human-relevant conditions.
Neuropathic pain
Pain serves an important function in organisms as a warning signal against potentially harmful stimuli. However, pain can become pathological, in which case the organism becomes especially sensitive to normally harmless stimuli, a phenomenon known as allodynia. While normal pain lasts only for the duration of the stimulus or shortly thereafter, pathological or neuropathic pain is persistent, being present even in the absence of an immediate stimulus (Inoue and Tsuda 2012) . As in the conditions discussed above, microglial dysfunction has been implicated in the maintenance of neuropathic pain. Here we briefly consider the evidence for microglial purinergic receptors in the progression of neuropathic pain.
Adenosine triphosphate (ATP) has long been recognized as an essential intracellular molecule for cellular energy. About 40 years ago, evidence for an extracellular function of ATP and its metabolites began to emerge (Burnstock 1972) . It is now well recognized that virtually all cells express ATP receptors, including G-protein coupled metabotropic (P2Y) receptors and ATP-gated ionotropic (P2X) receptors (Burnstock et al. 2011 ). Although ATP is normally maintained at high intracellular levels (1-5 mM), extracellular levels of ATP are very low (<1 μM). During certain pathological conditions, extracellular ATP levels may rise and activate additional purinergic receptors.
Microglia express several purinergic receptors (Inoue 2008) , three of which have been implicated in microglial dysfunction during neuropathic pain after peripheral nerve injury (Tsuda et al. 2013 ). In the CNS, P2Y12 receptors are uniquely expressed in microglia and have been shown to be critical for directed branch extension and chemotaxis of microglia toward sources of exogenous ATP/ADP and traumatically injured cells (Honda et al. 2001; Haynes et al. 2006) . Microglial P2Y12 receptors were implicated in neuropathic pain when it was observed: (1) that they were selectively upregulated in microglia at both mRNA and protein levels in the ipsilateral spinal cord after nerve injury (Kobayashi et al. 2008; Tozaki-Saitoh et al. 2008) ; (2) that pharmacologic inhibition (Kobayashi et al. 2008; Tozaki-Saitoh et al. 2008) , antisense knockdown (Kobayashi et al. 2008) , and genetic depletion (Tozaki-Saitoh et al. 2008 ) of these receptors attenuated allodynia and other pathological pain behaviors in response to nerve injury; and (3) application of a P2Y12 agonist reconstituted pain behaviors (Kobayashi et al. 2008) .
In addition to metabotrophic P2Y12 receptors, both P2X4 and P2X7 ionotropic receptors have been implicated in neuropathic pain. First, both P2X4 (Tsuda et al. 2003; Ulmann et al. 2008 ) and P2X7 (Kobayashi et al. 2011; He et al. 2012) receptor expression is upregulated in microglia after nerve injury, and pharmacological inhibition of P2X4 (Tsuda et al. 2003) and P2X7 (Honore et al. 2006; McGaraughty et al. 2007; Kobayashi et al. 2011 ) receptors have been shown to reduce pathological pain symptoms. Similar improvements were reported in response to application of antisense oligonucleotides for P2X4 receptors (Tsuda et al. 2003) . Additionally, genetic ablation of either the P2X4 (Tsuda et al. 2009 ) or P2X7 (Chessell et al. 2005 ) receptors attenuated pathological pain responses. Moreover, injection of P2X4-activated microglia into naïve rats was sufficient to elicit neuropathic pain responses (Tsuda et al. 2003) .
Given that microglia play a central role in neuropathic pain, the downstream processes by which microglia contribute to pain mechanisms in neurons have been of considerable interest (Zhuo et al. 2011 ). Coull et al. (2005 demonstrated that brain-derived neurotrophic factor (BDNF) produced by ATP-stimulated microglia reverses the anionic potential of GABA-activated currents to make GABA signaling excitatory rather than inhibitory during peripheral nerve neurotransmission. BDNF signaling through the Trk-B receptor was shown to be both necessary and sufficient for mediating the change in GABA-ergic transmission during neuropathic pain (Coull et al. 2005) . As expected, BDNF release was markedly reduced in P2X4 null tissues (Ulmann et al. 2008) , suggesting that at least P2X4 activation of microglia results in BDNF release, which subsequently increases neuronal hypersensitivity (Trang et al. 2011) .
Together, these studies and others argue that microglial dysfunction is paramount in the initiation and propagation of at least some forms of neuropathic pain. Could microglia be viable therapeutic targets to treat chronic pains? It is interesting that microglia-depleted brains were recently shown to be rapidly repopulated by monocyte derived cells within 2 weeks (Varvel et al. 2012) . Moreover, these cells developed similar functional properties to naturally resident microglia. Given that repopulation of the CNS with "naïve" microglia can have favorable outcomes, coupled with the observation that blood derived macrophages have beneficial roles during spinal cord injury (Shechter et al. 2009) , it is tempting to speculate that microglial replacement may be a viable therapeutic option for ameliorating certain forms of chronic pain.
Outstanding questions on microglial-neuronal communication
The studies considered above indicate that microglia play important roles during brain development and maintenance. However, many questions regarding the nature and extent of microglial-neuronal communication remain unanswered. It is now well established that neurons can modulate microglial activation states. Indeed, it has been suggested that since microglia express cognate receptors for neuron-specific ligands, including CD200L and CX3CL1, healthy neurons may keep microglia in an "off" or "silent" (low activation) state (Biber et al. 2007 ). On the other hand, injured neurons and glia may turn microglia "on" by increasing the release of purines, thereby activating both metabotropic (P2Y12) and ionotropic (P2X4 and P2X7) purinergic receptors in microglia. As noted above, these purinergic receptors have been implicated in the pathogenesis of neuropathic pain.
Imaging studies have clearly demonstrated that activation of purinergic receptors strongly affects microglia motility and migration. As discussed above, pharmacological studies have implicated both P2X4 and P2Y12 receptors in microglial chemotaxis (Honda et al. 2001; Ohsawa et al. 2007; Wu et al. 2007) , and previous studies using knockout mice have shown that P2Y12 receptors are required for directed microglial branch extension and migration during purinebased chemotaxis (Haynes et al. 2006) . These mechanisms are likely relevant for microglial mobilization following traumatic injury and other conditions involving necrotic cell death. Despite these studies implicating P2X4 and P2Y12 receptors in purine-based chemotaxis, the specific receptor (s) controlling basal microglial motility are unknown. It seems likely that basal motility is driven by ongoing release of purines because apyrase, an enzyme that degrades ATP and ADP, rapidly and reversibly abolishes microglial motility in neonatal hippocampal slices (Kurpius et al. 2007 ) and in the neocortex in vivo (Davalos et al. 2005) . There is evidence that activation of P2Y receptors is required for the basal motility of microglia (Wu et al. 2007) . It has been argued that connexin-or pannexin-like hemi-channels may be involved in tonic release of purines that drive basal microglial motility because flufenamic acid (FFA), a pharmacological blocker of these channels, reversibly inhibits baseline microglial motility in vivo (Davalos et al. 2005) and in tissue slices (See Fig. 5 and Movie 3). FFA was also shown to inhibit ATP-induced microglial chemotaxis in vivo (Davalos et al. 2005) and in tissue slices (Wu et al. 2007) . Because pannexins are expressed in hippocampal neurons (Vogt et al. 2005) , astrocytes (Santiago et al. 2011) , and microglia (Rigato et al. 2012) , ATP may be released via pannexins from any of these cells by an ATP-induced ATP release mechanism (Davalos et al. 2005; Fontainhas et al. 2011; Dou et al. 2012) . However, studies implicating pannexin and connexin channels must be interpreted cautiously because FFA may have multiple targets, and other non-selective cation channels may be involved. It appears that ATP-gated P2X7 receptors, which can form large pores that may facilitate ATP release, are not involved because there is no obvious deficiency in basal microglial motility or chemotaxis to injured cells in hippocampal tissue slices from P2X7-knockout mice (See Fig. 6 and Movie 4). Thus, the identity of the purinergic receptor(s) driving basal microglial motility has not been firmly established.
Whether other classic neurotransmitters regulate microglial motility is currently hotly debated. The first study investigating the possibility of neurotransmitter release modulating microglial motility in situ was performed by Nimmerjahn et al. (2005) during in vivo two-photon imaging of cortical adult microglia. Topical application of bicuculline, an inhibitor of GABA-ergic neurotransmission, increased both excitatory synaptic activity and microglial sampling volume. Assuming that this drug does not modulate microglial activity directly, this result suggests that neuronal activity may determine the rate of microglial tissue sampling (Nimmerjahn et al. 2005) .
Combining electrophysiological and confocal imaging approaches, Wu and Zhuo (2008) investigated the effects of shows slow decline during FFA and recovery during washout. For details of methods, see Eyo and Dailey (2012) . FFA has been shown to block extension of processes from microglia (Davalos et al. 2005; Wu et al. 2007 ) and astrocytes (Kim and Dustin 2006) after laser injury. FFA may inhibit microglial motility by blocking connexin hemichannels. FFA is an anthranilic acid derivative with analgesic, anti-inflammatory, and antipyretic properties local neurotransmitter release (glutamate and GABA) and synaptic plasticity on microglia in adult mouse brain slices and failed to detect changes in microglial motility or electrophysiological properties. Furthermore, these electrophysiological results suggest that surveillant (unactivated) microglia are not equipped to directly respond to these neurotransmitters. However, microglia in culture and spinal cord slices from 10 to 15 day old mice were shown to migrate toward a source of glutamate in an ATP-independent manner, although prolonged glutamate exposure was required (Liu et al. 2009 ).
Together, these studies raise the possibility of developmental and/or regional differences in microglial responsiveness to glutamate. To address the possibility that spinal microglia may behave differently than brain microglia, Chen et al. (2010b) investigated the ability of microglia to respond to a diverse set of neurotransmitters in the adult spinal cord. Microglia motility was altered upon application of ATP but not in response to several different neurotransmitters or cytokines, suggesting that microglia from brain and spinal cord are equally unresponsive to exogenous neurotransmitters. Studies in retina by Fontainhas et al. (2011) are consistent with the idea that neural activity in situ may regulate microglial motility. Inhibition of endogenous glutamatergic neurotransmission reduced microglial motility in retinal explants, suggesting that endogenous glutamatergic signaling somehow regulates basal microglial motility. Additionally, inhibition of endogenous GABAergic neurotransmission increased microglial motility, consistent with an earlier report (Nimmerjahn et al. 2005) , although the effect was less dramatic than glutamatergic inhibition. Consistent with other reports (Wu and Zhuo 2008; Chen et al. 2010b) , exogenous neurotransmitter receptor agonists (glutamate, GABA, and AMPA) failed to directly elicit electrophysiological responses in retinal microglia, suggesting that endogenous signals could be acting in an indirect manner, perhaps by modulating extracellular ATP levels.
While evidence is accumulating that microglia respond to neural activity, it has been suggested that microglia may, in turn, regulate neuronal activity. In 2-3 week old acute and 10-14 day old cultured hippocampal slices, inflammatory activation of microglia by LPS increased microglial ATP release and activated astrocytic P2Y1 receptors (Pascual et al. 2012 ). These receptors, in turn, amplified ATP release, resulting in the modulation of neuronal activity via metabotropic glutamate receptors, implicating an indirect mechanism for microglial control of neuronal activity. Modulation of neuronal networks by LPS-induced microglial activation has been reported in neonatal rats in vivo (Nimmervoll et al. 2012) . Although these mechanisms were uncovered during inflammatory stimuli, it presents the intriguing possibility that physiological mechanisms of microglial-neuronal communication during normal neural function are yet to be uncovered. Indeed a recent study in developing zebrafish brain supports the idea of reciprocal, activity-dependent interactions between microglia and neurons in situ. Using in vivo timelapse imaging of both microglial morphology and neuronal activity in the optic tectum of larval zebrafish, Li et al. (2012) found that neuronal activity steers resting microglial processes by a Rac-dependent mechanism that facilitates their contact with cell bodies of highly active neurons within a few minutes. This may be mediated by neuronal release of "find-me" signals such as ATP via pannexin-1 hemichannels. In turn, contact by microglia was found to reduce both spontaneous and visually evoked neural activity. It is proposed that these reciprocal relationships play a homeostatic role in regulating neuronal excitability in healthy brains.
In summary, both the extent and mechanisms of physiological microglial-neuronal crosstalk remains to be clarified. Although there is growing evidence that endogenous neurotransmission may regulate microglial basal motility, evidence for direct communication via classical neurotransmitters is lacking since mammalian microglia do not seem to express glutamatergic or GABA-ergic neurotransmitter receptors in the resting state in situ. Non-classical neurotransmitters, including ATP, appear to play a more pronounced role. Nevertheless, microglia upregulate some neurotransmitter receptors upon activation, for example after ischemia (Gottlieb and Matute 1997) , which may enable them to respond to neuronally released neurotransmitters. Finally, inflammatory signals may alter microglial regulation of neuronal activities in the early postnatal and juvenile rodent brain.
Conclusion
Although the first description of microglia occurred almost a century ago, microglial research over the ensuing 60 years was mainly dominated by debate on the nature and embryonic origins of microglia. However, interest in microglia has increased dramatically over the last two decades, overhauling the thought that microglia are simply passive cells waiting for a problem. We have summarized recent evidence suggesting that microglia perform critical functions during development of the nervous system, including roles in angiogenesis, induction of apoptosis, phagocytic clearance of dead cells, and synapse remodeling. Increasing evidence for neuronal-microglial communication raises the likelihood that microglia play active roles in neural communication. Moreover, microglia could serve as powerful cellular targets in pathological conditions such as neuropathic pain. Successful microglial replacement therapy in animal models of Rett syndrome and ischemic stroke provide encouragement that manipulation of microglia may be effective for treating other neurological conditions. Without doubt, much more remains to be discovered in the next century about this enigmatic component of Cajal's "third element."
